Plasma levels of ionized magnesium (IMg) measured by ion-selective electrode were investigated in neonatal hyperbilirubinemia by comparing the newborns with (Ն205 M) and without (Ͻ205 M) significant hyperbilirubinemia (groups of severe and moderate hyperbilirubinemia, respectively). Serum bilirubin, plasma IMg, and ionized calcium (ICa) levels were determined in 165 healthy term newborns with nonhemolytic indirect hyperbilirubinemia during the first 10 d of life. Mean serum bilirubin, plasma IMg, and ICa levels were 200.1 Ϯ 126.5 M, 0.54 Ϯ 0.12 mM, and 1.15 Ϯ 0.12 mM, respectively, in 165 newborns whose mean postnatal age was 156.1 Ϯ 46.5 h, and there was a significant positive correlation between the mean serum bilirubin and plasma IMg levels (r ϭ 0.535, p Ͻ 0.001). Serum bilirubin levels (304.4 Ϯ 83.8 M versus 94.1 Ϯ 54.7 M) and plasma IMg levels (0.6 Ϯ 0.12 mM versus 0.49 Ϯ 0.1 mM) were significantly higher and plasma ICa levels (1.13 Ϯ 0.12 mM versus 1.18 Ϯ 0.12 mM) were significantly lower in the group of severe hyperbilirubinemia (n ϭ 83) when compared with the group with moderate hyperbilirubinemia (n ϭ 82). Seventeen of the 83 cases of severe hyperbilirubinemia had IMg levels above the normal range (Ն0.69 mM), whereas none of the 82 cases of moderate hyperbilirubinemia had elevated IMg levels. Fifteen of the 17 with high IMg levels had bilirubin levels Ͼ290 M. Results of the present study suggest that increase in plasma IMg may be due to extracellular movement of Mg, a principally intracellular ion, resulting from generalized cellular injury including neurons and erythrocytes. Considering neuroprotective functions and beneficial effects of Mg ion in improving neurologic outcome, we also may speculate the possibility of a neuroprotective role or a compensatory mechanism in IMg increase against emerging toxicity risk of increasing serum bilirubin levels. Deposition of unbound bilirubin or its acid form in the neuron membrane causes permanent neuronal injury with a distinctive regional topography throughout the CNS. Considering the affinity of bilirubin molecule to phospholipids of the plasma membrane (1-4), the sequence of membrane events initiated by bilirubin molecules damages all adjacent membrane-bound enzymes and receptors. However, distant plasma membrane structures such as N-methyl-D-aspartate (NMDA) receptor/ion channel complex located within neuronal membranes on the synaptic surface of neurons are disrupted as well. Increased and prolonged activation of NMDA receptor as in perinatal asphyxia and hypoxic ischemic encephalopathy (HIE) results in brain cell injury despite its physiologic roles in brain plasticity; neuronal growth; synaptogenesis; and development of learning, memory, and vision. However, it has been shown in newborn piglets that bilirubin also increases activation of the NMDA receptor by modifying its binding characteristics, increases the receptor's affinity for NMDA receptor antagonists, and thus results in neuronal injury (5). Bilirubin-induced neurotoxicity may share common features with HIE-induced brain injury by mechanisms mediated by the NMDA receptor (1, 2, 5, 6). The observations that both bilirubin-induced (6) and 8) neuronal injury can be blocked by the administration of a potent NMDA receptor antagonist MK-801 (dizocilpine) further support the hypothesis that similar excitotoxic mechanisms contribute to the neuronal injury caused by both bilirubin and hypoxia.
Plasma levels of ionized magnesium (IMg) measured by ion-selective electrode were investigated in neonatal hyperbilirubinemia by comparing the newborns with (Ն205 M) and without (Ͻ205 M) significant hyperbilirubinemia (groups of severe and moderate hyperbilirubinemia, respectively). Serum bilirubin, plasma IMg, and ionized calcium (ICa) levels were determined in 165 healthy term newborns with nonhemolytic indirect hyperbilirubinemia during the first 10 d of life. Mean serum bilirubin, plasma IMg, and ICa levels were 200.1 Ϯ 126.5 M, 0.54 Ϯ 0.12 mM, and 1.15 Ϯ 0.12 mM, respectively, in 165 newborns whose mean postnatal age was 156.1 Ϯ 46.5 h, and there was a significant positive correlation between the mean serum bilirubin and plasma IMg levels (r ϭ 0.535, p Ͻ 0.001). Serum bilirubin levels (304.4 Ϯ 83.8 M versus 94.1 Ϯ 54.7 M) and plasma IMg levels (0.6 Ϯ 0.12 mM versus 0.49 Ϯ 0.1 mM) were significantly higher and plasma ICa levels (1.13 Ϯ 0.12 mM versus 1.18 Ϯ 0.12 mM) were significantly lower in the group of severe hyperbilirubinemia (n ϭ 83) when compared with the group with moderate hyperbilirubinemia (n ϭ 82). Seventeen of the 83 cases of severe hyperbilirubinemia had IMg levels above the normal range (Ն0.69 mM), whereas none of the 82 cases of moderate hyperbilirubinemia had elevated IMg levels. Fifteen of the 17 with high IMg levels had bilirubin levels Ͼ290 M. Results of the present study suggest that increase in plasma IMg may be due to extracellular movement of Mg, a principally intracellular ion, resulting from generalized cellular injury including neurons and erythrocytes. Considering neuroprotective functions and beneficial effects of Mg ion in improving neurologic outcome, we also may speculate the possibility of a neuroprotective role or a compensatory mechanism in IMg increase against emerging toxicity risk of increasing serum bilirubin levels. Abbreviations NMDA, N-methyl-D-aspartate HIE, hypoxic ischemic encephalopathy Mg, magnesium IMg, ionized magnesium G-6PD, glucose-6-phosphate dehydrogenase ISE, ion-selective electrode ICa, ionized calcium Deposition of unbound bilirubin or its acid form in the neuron membrane causes permanent neuronal injury with a distinctive regional topography throughout the CNS. Considering the affinity of bilirubin molecule to phospholipids of the plasma membrane (1-4), the sequence of membrane events initiated by bilirubin molecules damages all adjacent membrane-bound enzymes and receptors. However, distant plasma membrane structures such as N-methyl-D-aspartate (NMDA) receptor/ion channel complex located within neuronal membranes on the synaptic surface of neurons are disrupted as well. Increased and prolonged activation of NMDA receptor as in perinatal asphyxia and hypoxic ischemic encephalopathy (HIE) results in brain cell injury despite its physiologic roles in brain plasticity; neuronal growth; synaptogenesis; and development of learning, memory, and vision. However, it has been shown in newborn piglets that bilirubin also increases activation of the NMDA receptor by modifying its binding characteristics, increases the receptor's affinity for NMDA receptor antagonists, and thus results in neuronal injury (5) . Bilirubin-induced neurotoxicity may share common features with HIE-induced brain injury by mechanisms mediated by the NMDA receptor (1, 2, 5, 6). The observations that both bilirubin-induced (6) and HIE-induced (7, 8) neuronal injury can be blocked by the administration of a potent NMDA receptor antagonist MK-801 (dizocilpine) further support the hypothesis that similar excitotoxic mechanisms contribute to the neuronal injury caused by both bilirubin and hypoxia.
Magnesium (Mg) ion, like MK-801, is one of the most important antagonistic regulators of the NMDA receptor/ion channel complex (8, 9) . It protects the CNS against hypoxia and exerts its neuroprotective effects by blocking excitotoxic and NMDA receptor-mediated neuronal injury mechanisms (8, 10 -13) . Many physiologic functions of Mg ions seem to act against or compensate for the neurotoxic effects of bilirubin molecules (14, 15) . Plasma levels of ionized Mg (IMg), which is thought to reflect the metabolic status of the physiologically active fraction of Mg truly and accurately (16) , and its relationship to serum bilirubin levels in neonatal hyperbilirubinemia have not been investigated previously. In this study, we therefore wished to investigate the plasma levels of IMg in neonatal nonhemolytic hyperbilirubinemia by comparing the newborns with and without significant hyperbilirubinemia. We also studied whether there was a significant correlation between plasma IMg levels and severity of hyperbilirubinemia.
MATERIALS AND METHODS
Subjects and protocol. This study was performed at the Department of Pediatrics of Hacettepe University Faculty of Medicine. Between February 2001 and January 2002, newborns who were admitted with jaundice and who were undergoing venipuncture for various clinical indications such as suspected sepsis, screening for metabolic diseases, and/or evaluation of hyperbilirubinemia were included in the study. Only full-term, appropriate-for-gestational-age, and healthy newborns were enrolled in the study.
Newborns who had cephalohematoma, any congenital malformation, inborn errors of metabolism, or proven sepsis or infection or whose mother was antenatally administered Mg sulfate at any time during gestation were not included. Newborns with anemia (Hb Ͻ8.7 mM) or signs of hemolysis (a positive direct antiglobulin test and/or a peripheral blood smear indicative of hemolysis) or with hemolytic hyperbilirubinemia resulting from Rh, ABO, or minor blood group incompatibilities; glucose-6-phosphate dehydrogenase (G-6PD) deficiency; or erythrocyte membrane defects were excluded from the study. Birth weight, mode of delivery, sex, gestational age, Apgar score, and postnatal age of the cases were recorded. Written informed consent was obtained from the parents, and the study was approved by our local institutional ethics committee.
Measurements. Complete blood count, peripheral smear, blood group determination and Rh typing, direct antiglobulin test, and G-6PD activity in all cases and typing of minor blood groups in newborn-mother pairs, when indicated, were performed in newborns who received a diagnosis of and were hospitalized for significant hyperbilirubinemia.
Two blood samples (1 mL each) for determination of plasma IMg and serum bilirubin levels were obtained from infants during venipuncture. For IMg analysis, whole blood was drawn in ion-selective electrode (ISE; Lithium)-balanced heparinized and nonsiliconized Microtainer tubes (Becton Dickinson Vacutainer Systems, Cedex, France). Blood samples were either analyzed within 3 h or centrifuged, and the separated plasma was stored in a refrigerator at Ϫ20°C for further analysis. The specimens were analyzed with ISE method in conjunction with a AVL 988-4 ISE Analyzer (AVL List GmbH Medizintechnik, Graz, Austria) considering all precautions for sample handling and processing as reported previously (17) (18) (19) . The ISE method compares the electrical potential difference between two solutions that are dependent on the different concentrations of a given ion in the two solutions, and thus a patient sample is compared with a test sample. Ionized calcium (ICa) and pH were also measured using the same blood sample and ISE analyzer. For correction of pH and ionization changes resulting from storing of the blood samples, all results of IMg and ICa were expressed as normalized for a pH of 7.4 (19, 20) . The coefficients of variation for the Mg and Ca electrodes were 3.8 and 1.7%, respectively, with standard deviations of Յ0.02 mM for both (19) . To examine whether IMg electrode is affected by various bilirubin concentrations, we performed a test-tube study. To do this, we added three different amounts of bilirubin (final concentrations 0, 85, 170, and 340 M) to 0.5 mM of Mg in saline and performed five measurements in each pooled series. The recovery values for IMg measurement at 85-, 170-, and 340-M bilirubin values were 96, 95, and 98%, respectively. Serum bilirubin levels were measured by colorimetric method (diazotized sulfanilic acid reaction; Roche Diagnostics Kits, Roche Diagnostics Co, Indianapolis, IN, U.S.A.) in a Roche/Hitachi 747 autoanalyzer.
Statistical analysis. Data from cases were analyzed using SPSS for Windows 10.0 program. Correlation analysis among the different parameters of the cases was made with Pearson's correlation analysis test. Because serum bilirubin values were distributed in a wide range and we primarily aimed to investigate the relationship and correlation between IMg levels and severity of hyperbilirubinemia, cases were further divided into two groups: groups of moderate hyperbilirubinemia and severe hyperbilirubinemia on the basis of serum bilirubin level of 205 M (Ͻ205 M or Ն205 M, respectively), which has reportedly been the critical level for defining significant hyperbilirubinemia (21) . Comparisons between these two groups were performed with independent sample t test. Comparisons and assessment of the relationship between the plasma IMg levels above the critical level of 0.69 mM, which has reportedly been the upper limit of normal in healthy term newborns (22) (23) (24) , and the critical serum bilirubin levels of significant (Ն205 M) (21) and severe (Ն290 M) (25, 26) hyperbilirubinemia were made using 2 test. Parameters with nominal values such as sex and mode of delivery were compared with 2 test.
RESULTS
The study included 165 newborns whose serum bilirubin levels ranged between 8.5 and 607 M. Demographic and laboratory characteristics of the cases in the study are shown in Table 1 .
According to the results of the correlation analysis performed on the parameters of the cases in the study, there was a significant positive correlation between the mean serum bilirubin and plasma IMg levels (r ϭ 0.535, p Ͻ 0.001; Fig. 1 ). Eighty-three cases with serum bilirubin levels of Ն205 M and 82 cases with serum bilirubin levels of Ͻ205 M constituted the groups of severe hyperbilirubinemia and moderate hyperbilirubinemia, respectively. Demographic and laboratory characteristics of the groups of severe and moderate hyperbilirubinemia are given in Table 2 . Plasma IMg levels were 244 significantly higher (0.6 Ϯ 0.12 mM versus 0.49 Ϯ 0.1 mM; p Ͻ 0.001) and ICa levels were significantly lower (1.13 Ϯ 0.12 mM versus 1.18 Ϯ 0.12 mM; p ϭ 0.016) in the cases with significant hyperbilirubinemia when compared with the cases without significant hyperbilirubinemia. Plasma IMg values showed distribution in a wide range, and ICa values were in normal ranges in the group of severe hyperbilirubinemia, although the mean plasma level of ICa was significantly lower than that of the group of moderate hyperbilirubinemia (Fig. 2) .
Correlation analysis within the group of severe hyperbilirubinemia demonstrated a significant positive correlation between the plasma IMg levels and severity of hyperbilirubinemia (r ϭ 0.401, p Ͻ 0.001). Like the results of the correlation analysis in all of the cases in the study, these results also indicated that plasma IMg levels increased with increasing serum bilirubin levels (Fig. 1) . Seventeen of the 83 cases of severe hyperbilirubinemia had IMg levels above the normal range (Ն0.69 mM), whereas none of the 82 cases of moderate hyperbilirubinemia had elevated IMg levels (Fig. 1) . When we analyzed the distribution of the cases with high (Ն0.69 mM) plasma IMg values (n ϭ 17) according to the critical serum bilirubin level of severe hyperbilirubinemia (290 M), 35.7% of the cases with serum bilirubin levels of Ն290 M had high plasma IMg values, whereas only 1.6% of the cases with serum bilirubin levels of Ͻ290 M had high plasma IMg values (Fig. 1) .
DISCUSSION
Although the blocking and modulating effects of Mg ions on NMDA receptor/ion channel complex have been well demonstrated (8, 9) and its role and neuroprotective effects in the pathophysiology of HIE have been investigated before (8, 10 -13) , the relationship between Mg and neonatal hyperbilirubinemia has not been investigated in detail. In the present study, performed on newborns with varying degrees of hyperbilirubinemia, we demonstrated a positive correlation between plasma IMg values and severity of hyperbilirubinemia and significantly higher plasma IMg levels in the group of severe hyperbilirubinemia when compared with the group of moderate hyperbilirubinemia. These results suggest that increases in plasma IMg may be due to extracellular movement of intracellular Mg resulting from cellular injury of neurons and erythrocytes. Indeed, bilirubin toxicity after the increase of serum bilirubin values to toxic levels not only is limited to neurons but also may cause generalized cellular injury (25) . Accordingly, in a study performed on pediatric intensive care patients (27) , hypermagnesemia has been proposed to be a poor prognostic criterion being associated with critical cellular injury. Increased levels of plasma Mg have been demonstrated in a few other situations in which generalized cellular injury occurs as a result of perinatal asphyxia and HIE (28, 29) and to neonatal hypoxemia and acidosis (30, 31) . In the present study, the increase of IMg levels was correlated with the severity of hyperbilirubinemia, especially in the cases with serum bilirubin levels of Ն290 M, the accepted threshold level for toxic hyperbilirubinemia (25, 26) . This finding also suggests the possibility of a neuroprotective role or a compensatory mechanism in IMg increase against emerging toxicity risk of increasing serum bilirubin values. Measurement of serum or plasma total Mg does not correctly reflect the free or ionized intracellular form of Mg that is physiologically active, because Mg is principally an intracellular ion and only Ͻ1% of total body Mg is found in the extracellular (blood) compartment (14, 16, 22) . ISE is a relatively new method that permits IMg to be measured rapidly and accurately in very small samples of body fluids (16 -18) , and there are only a few studies performed with this method in children and especially in newborns (22-24, 32, 33) . In two studies performed on pediatric intensive care patients (32) and 22 newborns with hypomagnesemia (33), it was shown that serum total Mg levels may not correlate with IMg levels and that IMg measurement best provides a more relevant assessment of Mg homeostasis. In one of the initial studies conducted by using ISE method in umbilical cord blood samples, Handwerker et al. (24) reported umbilical venous IMg levels (0.49 -0.53 mM) a little higher than umbilical arterial ones (0.46 -0.5 mM). In another study aiming to determine normative data in healthy term newborns (22) , IMg levels were investigated in umbilical venous blood of 30 newborns at birth and in peripheral venous blood of 32 newborns at 24 h of life, and normal ranges of IMg in both groups reportedly were between 0.4 and 0.56 mM. A reference interval for IMg of 0.41-0.69 mM was reported for 63 term newborns in a study presenting the reference values of normal serum IMg in healthy and premature newborns during the first 72 h of life (23) . In the present study including 165 term, appropriate-for-gestational age, and healthy-except for hyperbilirubinemia-newborns, mean plasma IMg levels measured during the first 10 d of life were 0.54 Ϯ 0.12 mM and 0.49 Ϯ 0.1 mM in the total study group and in the cases with moderate hyperbilirubinemia, respectively. Although these levels are similar and close to those in the previously published studies on newborns, the relatively wider ranges in our study may have resulted from the mean postnatal age (156.1 Ϯ 46.5 h) of the cases, considering physiologic changes in Mg levels during the first week of life. Previously published neonatal IMg studies (22) (23) (24) have been conducted in exclusively healthy newborns during the first 24 -72 h of life. The high serum bilirubin levels also may have contributed to greater variability of IMg; high IMg levels (0.6 Ϯ 0.12 mM) in the group of severe hyperbilirubinemia in our study further supports this hypothesis.
Although NMDA receptor/ion channel complex has recently been associated with pathophysiology of bilirubin neurotoxicity, only a few studies (34 -37) have focused on the role of Mg in the cause of neonatal hyperbilirubinemia in an attempt to reveal the relationship between hyperbilirubinemia and Mg ions, one of the most important inhibitor regulators of the NMDA channel. In their first study, Tuncer et al. (34) reported lower serum total Mg concentrations in both umbilical cord and maternal blood of newborns with hyperbilirubinemia when compared with normal newborns, and they postulated that hypomagnesemia results from intracellular shift of Mg ion. In their next study, Tuncer et al. (35) investigated the serum levels of zinc, copper, and total Mg in umbilical cord blood and peripheral venous blood of newborns with nonhemolytic hyperbilirubinemia, and they reported lower umbilical and neonatal serum zinc and total Mg concentrations in both newborns with moderate hyperbilirubinemia and newborns with severe hyperbilirubinemia undergoing exchange transfusion in comparison with newborns without hyperbilirubinemia. They speculated that maternal gestational malnutrition may have caused maternal and neonatal hypomagnesemia by negatively affecting enzymes in bilirubin metabolism and antioxidant enzymes in erythrocytes, thus leading to significant neonatal indirect hyperbilirubinemia. The differences in Mg levels (decreased versus increased) between these two studies and our study may be due either to the method used (22, 32, 33) or to the differences in serum bilirubin levels and ages of the newborns among these studies.
In another study investigating the relationship between neonatal hyperbilirubinemia and various trace elements (36), serum total Mg levels were found significantly lower in 30 newborns with hemolytic hyperbilirubinemia when compared with healthy control subjects. Pintov et al. (37) investigated the value of umbilical cord zinc, copper, and total Mg measurements in predicting the future (48th hour) development of hyperbilirubinemia, and they reported no differences in the levels of these trace elements and Mg between 29 newborns with a serum bilirubin level of Ն136.8 M (mean, 186.4 Ϯ 41 M) and 61 newborns with a serum bilirubin level of Ͻ136.8 M (mean, 106 Ϯ 17.1 M) at the 48th hour of life. The authors regarded the measurement of these elements in cord blood of no value in predicting the development of significant hyperbilirubinemia. However, the mean serum bilirubin levels in that study were in the range of physiologic hyperbilirubinemia, and these serum bilirubin levels may not be high enough to reveal the relationship between Mg and hyperbilirubinemia. In our study, the mean serum bilirubin level (304.4 Ϯ 83.8 mg/dL) of the group of severe hyperbilirubinemia was significantly higher than that (94.1 Ϯ 54.7 mg/dL) of the group of moderate hyperbilirubinemia. The present study is the first to assess the relationship between serum bilirubin and plasma IMg levels using ISE method in newborns with such (significantly) high serum bilirubin levels within the first 10 d of life.
CONCLUSION
In conclusion, both the positive correlation between plasma IMg levels and severity of hyperbilirubinemia in newborns who had a wide range of serum indirect bilirubin levels (8.5-607 M) and the presence of significantly higher plasma IMg levels in newborns with severe (Ն205 M) hyperbilirubinemia when compared with newborns with lower levels of bilirubin (Ͻ205 M) suggest that increase in plasma IMg may be due to extracellular movement of Mg, a principally intracellular ion, resulting from generalized cellular injury including neurons and erythrocytes. Considering neuroprotective functions and beneficial effects of Mg ion in improving neurologic outcome, we also may speculate the possibility of a neuroprotective role 246 or a compensatory mechanism of increased IMg levels to reduce bilirubin toxicity. Measurement of IMg, which is thought to reflect the actual metabolic status of Mg ion accurately, in hemolytic hyperbilirubinemias such as ABO and Rh incompatibilities, in which significant erythrocyte destruction is prominent, would help to determine whether increases of IMg in neonatal hyperbilirubinemia are due to cellular injury or results from a neuroprotective role and/or a compensatory mechanism. Determination of the exact pathophysiologic process responsible for elevation of IMg levels and demonstration of the relationship and interactions between IMg and hyperbilirubinemia will make it possible to use cord blood or early postnatal IMg measurements in predicting the development of significant hyperbilirubinemia and to question the value of Mg treatment in the therapy of neonatal hyperbilirubinemia.
